Abstract. It's an important guarantee for calibrating the thrust measuring device of micro thruster to have stable and controllable millinewton force. In this paper, a device generating millinewton force is designed based on current magnetic effect and mutual conversion principle between magnetic field energy and electromagnetic force. According to electrical theory and magnetic theory, the theoretical mathematical models about electromagnetic force over current and electromagnetic force over air gap are established, respectively. When the air gap between electromagnetic coil and magnetic block is 9mm and current ranges from 0mA to 163mA, the material of magnetic block is 2Gr13 and 45 carbon steel, the generated electromagnetic force is 0-34.83mN and 0-34.82mN, respectively, whose nonlinearity and repeatability error are less than 1%. Aiming at two materials of magnetic blocks being 2Gr13 and 45 carbon steel, the generated force values are 1.53-31.81 mN and 1.48-31.35mN when the air gap changes from 17mm to 7mm and the current keeps 110mA, respectively, whose nonlinearity are less than 5% and the repeatability error are less than 1%. The results show that the main influence factors of electromagnetic force are current and air gap, and material has a less influence on electromagnetic force.
Introduction
Considerable researches concerning about microsatellite has aroused because of some good features, such as short development cycle, lightweight, high reliability, flexible launch, invulnerable to attack and low cost. Electric propulsion system has greatly improved the fuel utilization rate on the satellite, and it is also suitable for micro satellite attitude and orbit control with the characteristics of high specific impulse. The electric propulsion system mainly relies on solar panels to provide electrical energy. So the power of electric thrusters is low and the output of thrust is small. At present, the thrusts generated by practical thrusts usually range from dozens to hundreds of millinewton [1] . The millinewton force output characteristics of electric thruster have great challenges to research micro thrust measurement system. A stable and controllable device generating micro force is the key to development of micro thrust measurement system [2] .
Conventional methods for measuring thrust in electric propulsion include the use of a single pendulum [3] , an inverted pendulum [4, 5] , double pendulum [6] , the twisted wire suspension pendulum [7, 8] or two points supporting torsion pendulum [9, 10] . Thrust stands on this scale are commonly calibrated by weight, electromagnetic and electrostatic comb. L.D. Cassady and A.D. Kodys [4] et al. in Princeton University have designed an inverted pendulum thrust stand to measure thrust for high-power steady-state plasma thrusters. To find the linear region of the thrust stand, 534 mN of force is applied to the standby the calibration weights at various stand tilt angles. Stand response to a known force has been shown to be linear and repeatable with sensitivities of 3.00±0.32 mV/mN. Typically, small errors in the millinewton force range associated with the weight-hanging calibration technique, such as stiction and the measurement accuracy of the weight-string system mass [11] . N. Nagao and S. Yokota [6] in University of Tokyo is intended to develop a two-dimensional (2D) dual pendulum thrust stand. The electromagnetic actuator controls the pendulums to keep their displacement constant; therefore, the actuating forces are equivalent to the thrusts. The electromagnetic actuator comprises two copper wires on the inner pendulum and a magnetic circuit consist of permanent magnets and iron yokes on the outer pendulum. Two orthogonal wires enable the actuator to generate a Lorentz force F BIL  in the main thrust direction and its transverse direction independently. Thrust calibration using a pulley and weight system showed that the measurement errors were less than 0.25 mN (1.4%) in the main thrust direction and 0.09 mN (1.4%) in its transverse direction. Allen H. Yan, Bradley C. Appel [12] , etc. at Purdue University, their study presents a calibration method in which an electrostatic voltage is used to charge a set of fins to generate a small, controlled force through the principle of electrostatic attraction. The electrostatic calibration device consists of two interlaced electrostatic fin assemblies. The charged ESF is connected to a high voltage power supply and has nine fins, while its counterpart ESF is grounded and has ten fins. The calibration method introduced yields confident results for force levels between 0.029 mN and 0.794 mN with a resolution of 0.01 mN or better.
Based on the principle of current magnetic effect and the mutual conversion principle between magnetic energy and electromagnetic force, a device generating millinewton force is designed in this paper. The mathematical model of electromagnetic force is derived with analytical method. And micro force generated by the magnetic coil and magnetic block are calibrated by electronic balance based on the balance weighing principle. The theoretical mathematical models about electromagnetic force over the current and electromagnetic force over the air gap are set up in two materials. In addition, the measurement results of two materials are compared and analyzed.
Mathematical Model of Electromagnetic Force
The electromagnetic force is proportional to the square of the magnetic flux density in air gap and the total area of the magnetic flux passing through the magnetic pole. If the magnetic field among the poles is uniformly distributed, and the leakage flux does not change following the air gap  , the basic formula for calculating the electromagnetic force is 2 0 1 2
where F is electromagnetic force, B is magnetic intensities, A is pole area, 0  is air permeability coefficient, the value is 1.25×10 −8 H/cm. Formula (1) is Maxwell's simplified formula, it is used to the magnetic field among the poles is uniformly distributed. If it is uneven distribution, larger error will be generated.
The formula of electromagnetic force expressed by inductance is as follows:
(2) where I is current of electromagnetic coil, L is coil inductor,  is air gap between two magnetic poles.
In the case of unsaturation of the magnetic pole, it can be considered as
where W is the coil number of turns, G is the air gap permeance. It can be seen from equation (3), the electromagnetic force F is proportional to the square of electromagnetic coil excitation ampere-turns IW and the change rate of the air gap magnetic conductance with the length of the air gap
The electromagnetic coils and the magnetic block are all round cross sections, and the magnetic conductance of two parallel circular planes is known as:
(1) When
, the magnetic pole edge diffusion flux can be ignored, and the calculation of air gap magnetic conductance is as follows:
where 0 d is circular magnetic pole diameter; Combining equation (4) with equation (3), we find that the electromagnetic force is:
, the magnetic pole edge diffusion flux should be considered. The calculation of air gap magnetic conductance is calculated according to the following formula:
Combining (6) with (3), we can get the electromagnetic force:
In the formula, the negative sign represents that the electromagnetic force F is increasing with the decreasing of the air gap  . According to the formula (5) and (7), when the turn number of coil keep constant, the electromagnetic force F is proportional to the square of the current, and it is proportional to the inverse of the air gap squared. Fig. 1(a) is a schematic diagram of a device generating millinewton force, the device is mainly composed of support frame, ball screw, electromagnetic coil, magnetic block and electronic balance. Magnetic coil and moving plate are fixed on the ball screw flange. The rotation motion of the electromagnetic coil is converted to a smooth linear motion through the limit axis and the linear bearing. The magnetic block is placed on the electronic balance tray. The entire micro-electromagnetic force generating device is placed in the electronic balance shield, as shown in Fig. 1(b) . The main purpose of this paper is to generate small force through the method of attracting magnetic block by electromagnetic coil, and the value of electromagnetic force is measured by the high-precision electronic balance with the range of 0-200g and the precision of 0.1mg. 
Device Model

Experimental Study on the Influence Factors of Electromagnetic Force The Effect of Current on Electromagnetic Force
As shown in Fig. 2 , electromagnetic force generator is placed in the electronic balance windshield, the magnetic block is placed on the electronic balance tray, and the DC linear regulated power supply is applied to the electromagnetic coil. The rated voltage of the electromagnetic coil is 24V. The magnetic block material is 2Gr13 and the air gap between the electromagnetic coil and the magnetic block is set to 9mm. As the display current gradually rises from 0mA to 163mA in DC linear power supply, electromagnetic force is recorded. The magnetic block material is changed into 45 carbon steel which has the same cross-sectional area and height as 2Gr13, and then experiments are done repeatedly. The fitting curves with two kinds of materials of magnetic block between the electromagnetic force and the square of the current are shown in Fig. 3 . The experimental results show that electromagnetic force is proportional to the square of the current. Moreover, the fitting curves for two materials of magnetic block between electromagnetic force and the square of the current are close. The experiment is repeated three times. Table 1 denotes the nonlinearity and repeatability error between the electromagnetic force and the square of the current in the electromagnetic coil in two materials of magnetic block. As shown in Table 1 , when the current rises from 0mA to 163mA, the air gap is 9mm, the material of magnetic block is 2Gr13 and 45 carbon steel, the generated electromagnetic force is 0- 34.83mN and 0-34.82mN , respectively. The nonlinearity and repeatability error between the electromagnetic force and the square of the current are less than 1%. The above results show that electromagnetic force obtained by fixing the air gap and changing the current is similar for two materials of magnetic block.
The Effect of Air Gap on Electromagnetic Force
The rated voltage of the electromagnetic coil is 24V. The material of magnetic block is 2Gr13, and the current is 110mA. As air gap decreases from 17mm-7mm, electromagnetic force is recorded. The magnetic block material is changed into 45carbon steel which has the same cross-sectional area and height as 2Gr13, and then experiments are done repeatedly. The fitting curves between the electromagnetic force and the inverse square of the air gap in two materials of magnetic block are shown in Fig.4 . . The experimental results show that electromagnetic force is directly proportional to the inverse square of the air gap. Moreover, the fitting curves for two materials of magnetic block between electromagnetic force and the inverse square of the air gap are close.
The experiment is repeated three times. Table 2 denotes the nonlinearity and repeatability error between electromagnetic force and the inverse square of the air gap when the material is 2Gr13 and 45 carbon steel, respectively. As shown in Table 2 , when the air gap gradually decreases from 17mm-7mm, the current is 110mA, the material of magnetic block is 2Gr13 and 45 carbon steel, the generated electromagnetic force are 1.53-31.81mN and 1.48-31.35mN , respectively. The nonlinearity between the electro-magnetic force and the inverse square of the air gap is both less than 5% and the repeatability error is both less than 1%. The above results show that the magnitude of the electromagnetic force obtained by fixing the current and changing the air gap is similar for two materials of the magnetic block.
Summary
In this paper, a device generating millinewton force is designed. The mathematical models about electromagnetic force over the square of current, and electromagnetic force over the inverse of square the air gap are derived and the experimental model is established. The experimental results are as follows:
(1) When air gap is fixed and current is changed, the fitting curves between electromagnetic force and the square of the current are close for two materials of magnetic block. When current is fixed and air gap is changed, the fitting curves between electromagnetic force and inverse square of the air gap are also close for two materials of the magnetic block. It shows that the device has characteristic of simple structure and can produce stable forces.
(2) When using 2Gr13 and 45 carbon steel, electromagnetic force is proportional to the square of current and the inverse square of air gap, respectively. And all of them can produce mN-level force. The results show that main effect factors of electromagnetic force are current and air gap, and material has a less effect on electromagnetic force.
(3) The results of fixed air gap and variable current are better than fixed current and variable air gap. Therefore, in the subsequent calibration test of the micro thrust measuring device, calibration force is obtained mainly with fixed air gap and variable current.
(4) Using the method of separation of variables, selecting an appropriate air gap with fixed current and choosing an appropriate current with fixed air gap can produce μN-lever force.
